Introduction 64 65
Microbial populations in the soil impact the structure and fertility of our soils 66 by contributing to nutrient availability, soil stability, plant productivity, and 67 protection against disease and pathogens. Soil microbiology has a rich history of 68 isolating and characterizing representatives from the soil to assess their impacts on 69 soil health and stability. However, despite significant efforts to isolate microbes 70 from the soil, we have accessed only a small fraction of its biodiversity, with 71 estimates of less than 1 to 50 percent of species, even with novel isolation 72 techniques ( allowing for the characterization of soil communities without the need to first 76 cultivate isolates. However, our ability to annotate and characterize the retrieved 77 genes is dependent on the availability of informative reference gene or genome 78 databases. The largest resource of full genome reference sequences for annotating 79 genes is the NCBI RefSeq database (Tatusova et al., 2013) , which contains a total of 80 57,993 genomes (Release 74). While broadly useful, this database is not 81
representative of the large majority of soil microbiomes, and the majority of genes 82 in previously published soil metagenomes (65-90%) cannot be annotated against 83 known genes (Delmont et al., 2012; Fierer et al., 2012) . Further, contributions to the 84 NCBI databases have largely originated from human health and biotechnology 85 research efforts that can mislead annotations of genes originating from soil 86 microbiomes (e.g., annotations that are clearly not compatible with life in soil). 87
Soil microbiologists are not the first to face the problem of a limited 88 reference database. The NIH Human Microbiome Project (HMP) recognized the 89 critical need for a well-curated reference genome dataset and developed a reference 90 catalog of 3,000 genomes that were isolated and sequenced from human-associated 91 microbial populations . This publicly available reference 92 set of microbial isolates and their genomic sequences aids in the analysis of human 93 microbiome sequencing data (Segata et al., 2012; Wu et al., 2009 ) and also provides 94 strains for which isolates (both culture collections and nucleic acids) are available as 95
resources for experiments. Following this successful model of the HMP, we have 96 developed a curated database of reference genome sequences that originate from 97 soil. This database, called RefSoil, represents the current state of knowledge of 98 sequenced soil genomes. In addition to helping us to understand known soil 99 microbiology, RefSoil aids in the identification of knowledge gaps that need to be 100 filled to improve our understanding of soil biodiversity. We discuss the importance 101
the RefSoil database and demonstrate exciting opportunities to expand this 102 database and its applications in the future. 103 104
Materials and Methods

106
Creation of RefSoil Database 107
In order to create a soil-specific reference genome dataset, we targeted genome 108 sequences based on evidence that isolates had origins in soil systems. A total of 109 6,646 complete genomes were obtained from the Genomes OnLine Database (GOLD,  110 https://gold.jgi.doe.gov, October 9th, 2014); the GOLD database was chosen because 111 of the availability of metadata, particularly environmental origin, related to genome 112 sequences. These genomes were further selected based on soil-association with the 113 following criteria: (1) Within the GOLD database, organism information and 114 organism metadata (known habitats, ecosystem category, and ecosystem type) was 115 required to identify organism as originating in soil-associated categories. Organisms 116 from marine and deep sea environments were excluded, though these organisms 117 often were identified as soil-associated. Additionally, obligate host-associated 118 pathogens and extremophiles were excluded, as these organisms are unlikely to be 119 present in the absence of their host or in representative soil samples. We 120 considered these organisms to often be under very strong selective pressures that 121 can lead to reduced genomes or high rates of recombination that are difficult to 122 assess soil-specific trends.
(2) For organisms that lacked appropriate metadata in 123 GOLD, a Google Custom Search was used to query all available websites for the 124 organism name and soil-related terms (rhizosphere, soil, sand, mud, or nodule RefSeq genes were obtained from NCBI (February 19, 2016) ( Supplementary Fig. 1 ). 155
RefSoil genomes were submitted to RAST and genes were annotated using SEED 156 subsystem ontology ( Supplementary Table 1 ). Among 1,811,233 unique genes, 157 approximately 39.1% of them were assigned to multiple SEED subsystem level 1 158 categories. For the purpose of this study, we included all annotations at subsystem 159 level 1 for each unique gene, which expanded the total gene counts to 2,619,643. 160
The percent abundance of genes from each phylum in RefSoil database was also 161 adjusted accordingly by including the abundance of genes that were assigned to 162 multiple subsystem level 1 categories ( Fig. 2 Germmatimonadetes, Thermodesulfobacteria, Acidobacteria, Nitrospirae, and 238
Chloroflexi than RefSeq, suggesting that these phyla may be enriched in the soil or 239
underrepresented in the RefSeq database. A total of eleven RefSeq-associated 240 phylums were absent from RefSoil indicating that these phyla may be absent or 241 difficult to cultivate in soil environments ( Supplementary Fig. 1 ). The 16S rRNA 242 genes for RefSoil bacterial genomes were obtained from NCBI Genbank annotations 243
and aligned to construct a phylogenetic tree representing RefSoil phylogenetic 244 diversity ( Fig. 1 ). 245
RefSoil bacterial and archaeal genomes were further annotated with the 246
Rapid Annotation using Subsystem Technology (RAST, v 2.0(Aziz et al., 2008)) 247
( Supplementary Table 1 ), resulting in the annotation of a total of 1,811,233 RAST-248 associated genes. RAST annotations, unlike GenBank annotations, include 249 classification into functional ontologies or subsystems, allowing for the comparison 250 of broad functions. Overall, 78% of the bacterial and archaeal genes could be 251 classified into functional subsystems ( Supplementary Table 2 ). For genes associated 252
with each subsystem, we evaluated the phylogenetic origins of RefSoil genes and 253 compared the phlya distribution of annotated genes with those within the 254 cumulative RefSoil database (Fig. 2 ). If the proportion of genes associated with a 255 phylum within a functional subsystem was greater than its representation in 256
RefSoil, we considered the representation of the phyla enriched in this function ( Fig.  257 2, Supplementary Table 3 Table 4 ). The abundance of OTUs similar to RefSoil 305 genes was used to estimate the membership of well-characterized isolates in these 306 soil samples ( Supplementary Fig. 2 ). Mollisols, Alfisols and Vertisols (soils with high 307 clay content with pronounced changes in moisture) were associated with the most 308
RefSoil representatives, while Gelisols (cold climate soils), Ultisols (soils with low 309 cation exchange), and sand/rock/ice contained the least ( Supplementary Table 4 ). 310 311
Identification of the most beneficial future targets for RefSoil 312 EMP OTUs that do not share high similarity with 16S rRNA genes from 313
RefSoil represent current knowledge gaps for which we lack cultivated isolates. 314
These gaps were visually identified by overlaying the presence of highly similar 315 relatives in RefSoil (similarity >97%) to branches in a phylogenetic tree of soil-316 associated EMP amplicons (Fig. 3) . We evaluated the presence of OTUs in EMP 317 libraries based on their presence in EMP samples (frequency) and their cumulative 318 observed abundance. We identified the most observed and abundant EMP OTUs 319 that did not share high similarity to Refsoil to generate a "RefSoil's most wanted list" 320 of targets that, if isolated or sequenced, could provide information on prevalent but 321 uncharacterized lineages ( the magnitude of soil biodiversity and the limitations of our current database based 362 on cultivated representatives. These results are consistent with a recent effort 363 demonstrating that we are very limited in our knowledge of not only soil but life's 364 diversity and advocating that much can be learned by including uncultivated 365 organisms (Hug et al., 2016) . We show here how RefSoil can be used to evaluate 366 which organisms to target that would most effectively increase our knowledge of 367 soil biodiversity. For example, if genome references were available for the top most 368
wanted organisms identified in this effort (Table 1) , we could expand RefSoil's 369 representation of EMP soils by 58% by abundance. 370
Notably, many of these targets have previously been observed to be 371 recalcitrant to cultivation with standard laboratory media, resulting in their absence 372 in current genome databases. Acidobacteria likely to lead to further scalability, offering a practical means to fill the existing gaps 394 in the RefSoil database and biodiversity more broadly. 395
The RefSoil database is also a tool that allows us to characterize currently 396 known soil bacteria phylogeny and functions. This database spans 24 phyla of 397 bacteria and archaea. While genes related to microbial growth and reproduction 398 (e.g., DNA, RNA, and protein metabolism) originate from diverse phyla, key 399 functions related to metabolism of aromatic compounds, iron metabolism, and 400 dormancy and sporulation were observed to be enriched from only a few RefSoil 401
phyla, suggesting that these phyla may have specialized functions within soil 402 communities. Specifically, Proteobacteria-associated genes were enriched in 403 functions related to motility, chemotaxis, and membrane transportation ( Figure 2) , 404
suggesting that Proteobacteria are likely to be efficient at acquiring readily available 405 nutrients and elements for growth (Fierer et al., 2007) . Genes related to 406
Proteobacteria and Actinobacteria were also found dominant among RefSoil 407 genomes in subsystems related to the metabolism of aromatic compounds. This 408 observation is consistent with the association of Proteobacteria and humic 409 substances utilization and the contribution of Actinobacteria to plant material 410 degradation (Godden et al., 1992; Fuchs et al., 2011) . 411
By comparing RefSoil to other databases, we identified biases for specific 412 phyla in RefSoil; in particular, Firmicutes are observed frequently in RefSoil but 413
were not observed to be highly abundant in soil environments (5.7% of all EMP 414 amplicons). Firmicutes have been well-studied as pathogens ( In conclusion, RefSoil is an important first step towards building a more 449 comprehensive, well-curated database. Though it is far from complete, we have 450 been able to use RefSoil as a tool to identify key phyla that represent gaps in known 451 soil diversity and underrepresented phyla. Going forward, this reference will be 452 expanded as isolation and cultivation-independent technologies continue to 453 improve. 454 455 456 457 
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